The behavior of the interface of a cold forging tool coated with a hard film is analyzed by the finite element method (FEM). The mechanical properties of the interface between a hard film and a tool material are modeled under the framework of the irreversible thermodynamic constitutive equation theory with continuum damage mechanics. The interface damage variable and its evolution law are introduced, which express the degradation of the interface. The hemispherical tool of SUJ2 in JIS coated with an electroplated coating of chromium indents into a cylindrical workpiece of S25C in JIS, which is performed to examine the validity of the proposed model. In FE analysis, the proposed constitutive equations are implemented by the nonlinear springs between opposite nodes of the interface. Calculated results show that the maximum interfacial normal displacement is observed close to the front of the lip of indentation, whereas maximum interfacial tangential displacement is observed close to the back of the lip of indentation. The region where debonding will first occur as indicated by the calculation results, is similar to the region of the behavior during an actual forging operation. Finally, a method of evaluating the interfacial debonding life of coated tools is proposed.
Introduction
Recently, forging tools coated with hard films such as electroplated coatings of chromium, titanium nitride (TiN) and titanium carbide (TiC), are used with the aim of increasing the service life of tools by about 2 to 10 times. [1] [2] [3] In the practical use of coated tools, however, we often encounter debonding at the interface of the film and the tool material. It is important to grasp the behavior of the interface of a hard film and a tool material to accurately evaluate interfacial strength.
Numerical simulations of the mechanical behavior of materials coated with a hard film have been performed. 4, 5) The objects of the simulations are flat hard films on a flat substrate indented with an indenter similar to that used in a scratch test or an indentation test. 6) Moreover, complete adhesion at the interface is postulated. However, the deformation of the film in a scratch test or an indentation test does not correspond to that of an actual hard film coated on forging tools since the film itself is indented. Furthermore, because complete adhesion at the interface is postulated, the deterioration of the interface is not considered.
In the present paper, the finite element analysis of the mechanical behavior of the hard film -tool material interface of forging tools under conditions closer to actual forging situations than those for conventional scratch or indentation tests was performed by interface damage mechanics (IDM).
First, the examination model of indentation of hemispherical coated tool was proposed. Next, after introducing a nonlinear interfacial spring model and defining the interfacial damage variable, the constitutive and damage evolution equations at the interface between the hard film and the tool material are formulated under the framework of the irreversible thermodynamic constitutive theory. 8, 9, 11) To apply the above equations to the numerical analysis of the interface by FEM, the concept of the nonlinear interfacial spring model is employed. 7) On the basis of the calculated results on the deformation behavior of the interface, the probable debonding mechanisms of the present forging tool coated with the hard film are discussed. Finally, a method of evaluating the interfacial debonding life is proposed. Moreover, the calculated results on the debonding life of the present forging tool are shown.
Examined Model for Interfacial Behavior of Forging Tool Coated with Hard Film
In the scratch or indentation tests, the hard film on the substrate is indented by a slider or an indenter. Then, the aspect of the deformation of the film does not correspond to that of actual forging tools.
It is favorable to evaluate the behavior of the interface at conditions closer to those of actual forging than to conditions of these tests.
In the present study, we analyze the behavior of the interface between the hard film and the tool material by the examination model as shown in Fig. 1 . In this model, the hemispherical coated tool of 5 mm radius is indented to the workpiece of 20 mm in diameter and 10 mm in height. The deformation of the bottom and the periphery of the workpiece are constrained. The proposed model is introduced as the simplification of the actual forging. The effect of the plastic flow of the workpiece and the friction condition between the film and the workpiece on the behavior of the interface can be taken into account more effectively.
Modeling of Interface by Nonlinear Interfacial
Spring Model
Nonlinear interfacial spring model
Let us postulate the interfacial behavior that occurs in the interfacial region shown in Fig. 2(a) . In the interfacial region, microdefects develop when the external load is subjected, and adhesion strength deteriorates.
In the present study, on calculating the interfacial behavior by FEM, the adhesion of the interfacial region between the hard film and the tool material is modeled using distributed nonlinear springs proposed by Ma and Kishimoto, 7) as shown in Fig. 2(b) .
In this model, the displacement of the interfacial region can be expressed by the difference in displacement between the initial points on the opposite sides of the film and the tool material P and P 0 across the interfacial region, as shown in Fig. 2(b) . When external load is applied, point P 0 will move to point Q, and these points will produce the interfacial displacement U n ¼ P 0 Q. The interfacial displacement vector U n can be expressed by the components of the normal direction n, tangential direction t and another direction b according to a right-hand Cartesian coordinate system in Fig. 2 , expressed as U n , U t and U b .
Moreover, we define the interfacial relative displacement u n as
where h 0 is the thickness of the interfacial region. Moreover, the superscript T means transposition.
Interfacial damage variable
When the interface is subject to an external load, the interface deteriorates gradually because of the initiation and growth of microscopic cracks and cavities. Figure 3 shows the nondamaged and damaged states of the interface. The elemental area at the undamaged state nda n is deteriorated by the external load, and the elemental area nda n becomes ndã a n . Then, the interfacial damage variable D n is defined as
where n is the unit normal vector to the interface.
In the present study, we express the deterioration of the interface using the interfacial damage variable D n .
Modeling of Interfacial Constitutive and Damage
Evolution Equations
Interfacial stress -interfacial relative displacement relationship with interfacial damage
The irreversible thermodynamic constitutive equation theory 8) is one of the most rational frameworks for the formulation of the constitutive equations with irreversible changes of internal states such as damage and plastic deformation. In the present study, we apply this theory to the formulation of the constitutive and damage evolution equations of the interface.
If the thickness h 0 is small and the strain throughout the thickness is uniform, interfacial strain tensor " n is defined as
When we restrict the adiabatic, constant temperature condition, Clausius -Duhem inequality in the interfacial region can be express as
where n and É n are the interfacial stress and Helmholtz free energy in the interfacial region. Helmholtz energy is a function of interfacial relative displacement u n and interfacial damage variable D n . By use of the interfacial stress vector T n ¼ n Á n, eq. (4) can be rewritten as follows:
To hold for eq. (5),
For the Helmholtz free energy, we define 
where K 0 n is the initial interfacial rigidity tensor at the intact state. Here, we will adopt following simple form:
By using eqs. (6) and (7), the relationship between interfacial stress vector and interfacial relative displacement can be obtained as
On the other hand, we define the thermodynamic conjugate force of the interfacial damage variable R n as
Evolution equation of interfacial damage variable
Under the restriction of the framework of the irreversible thermodynamic constitutive equation, the evolution equation of the interfacial damage variable _ D D n can be derived using the normality rule, so that _ D D n can develop to the outer normal direction of the damage dissipation potential defined in the space of the conjugate force of the interfacial damage
where _ n is an undetermined multiplier that prescribes the magnitude of damage development.
In the present study, we postulate a simple form for the damage dissipation potential F d ðR n Þ as
For the multiplier _ , we give the following form so that the interfacial fatigue behavior under the cyclic loading can be expressed as
Using eqs. (11) and (12), eq. (11) is expressed as
where n n , S n and R 0 n are material constants. Moreover, the brackets h i are the Macauley brackets.
As observed in eq. (13), the interfacial damage variable D n develops when the conjugate force of the interfacial damage R n exceeds the threshold value R 0 n and the derivative of R n with respect to time increases.
Debonding is assumed to occur when the interfacial damage variable D n reaches the threshold damage variable D ncr . When debonding occurs, the interfacial rigidity is reduced to zero. Adhesion strength can be evaluated by interfacial stress in eq. (9).
Initial interfacial rigidity
The deformation of the interface region depends on the hard film and tool materials. The material that can deform more easily than others will give a stronger effect on the deformation property of the interfacial region.
Therefore, the initial interfacial rigidities K 
where E f and E t are Young's moduli of the hard film and the tool materials, and G f and G t are the their shear moduli, respectively. Figure 4 shows the discretized model, boundary conditions and the equivalent interfacial spring of the interface for analysis. In the present study, the axisymmetric model is used. The geometries of the hemispherical coated tool and the workpiece are the same as shown in Fig. 1 .
Finite Element Analysis of Interfacial Behavior
For the boundary conditions of the hemispherical tool, the nodes on the axisymmetric axis are restricted on the x-coordinate, and the indentation depth s on the y-coordinate is given to the nodes of the upper edge of the tool. The maximum indentation depth s max is 4.5 mm. For the parameter indicating the position of the interface, we adopt the angle (0-90 ), as shown in Fig. 4 . For the boundary condition of the workpiece, we give the constraint of the x-direction to the nodes on the axisymmetric axis and the outer edge, and the constraint of the y-direction to the nodes on the bottom edge.
The commercial finite element code MSC. Marc2000 is used in the present study. The nonlinear interfacial springs between the two material points on opposite sides of the interface, as shown in Fig. 4 , are implemented using the user subroutines equipped in the code.
For finite elements, we use axisymmetric 4-node isoparametric quadrilateral elements. The numbers of the elements of the hard film, the tool material and the workpiece are 180, 1075 and 6400, respectively. Characteristic length h 0 is defined as h 0 ¼ 0:001 mm. The dependency of h 0 on the numerical results is not considered here because we aim at the validation of the proposed constitutive equations of the interface.
For friction conditions, a coulomb friction coefficient of " ¼ 0:3 is employed by assuming conditions of no lubrication to promote the development of the interfacial damage. Table 1 shows the elastic properties of the materials used in the analysis. As materials, we employ a chromium electroplating, a ball-bearing steel SUJ2 (in JIS) and a lowcarbon steel S25C (in JIS) for the hard film, tool and the workpiece, respectively. Using the values in Table 1 , the interfacial rigidity of eqs. (17) and (18) can be calculated to be K 0 n ¼ 237:0 GPa and Figure 5 shows the flow stress -plastic strain relationship of the tool material and the workpiece.
Although the material constants n D , S D and R 0 n of eq. (15) should be determined experimentally, we employ the following values, for the purpose of determining the characteristics of the proposed damage evolution equation qualitatively: n n ¼ 2:0, S n ¼ 50:0 and R 0 n ¼ 0:3. As observed in eq. (14), the evolution of the interfacial damage _ D D n is attributed to a form proportional to the term ðR n À R 0 n Þ=S n for n n ¼ 2:0. Furthermore, S n can determine the magnitude of interfacial damage evolution. However, the influence of the value of S n to the qualitative characteristics of the interfacial damage is small. Figure 6 shows the distribution of equivalent stress in the hard film, tool material and workpiece at S ¼ 1 mm. The plastic deformation of the tool material does not yield. In this figure, high equivalent stress in the tool material and hard film is observed in the vicinity of the lip of indentation. Compressive stress is taken into account in the calculation of equivalent stress shown in Fig. 6 . For debonding, however, the effect of compressive stress can be considered not to be high.
Results and Discussion

Behavior of interface by interfacial spring model
Figures 7(a) and 7(b) show the relationship between the interfacial relative displacements u n and u t , and the position of the interface with the parameter of indentation depth s. In these figures, the positions of the contact edge between the tool and workpiece at each indentation depth are indicated by solid circles.
As observed in Fig. 7(a) , the interfacial relative displacement in the normal direction u n takes a maximum value at ¼ 42 . This position is close to the back of the contact edge. A similar relationship can be observed at any indentation depth.
On the other hand, the interfacial relative displacement on tangential direction u t is distributed moderately. At any indentation depths, the maximum u t is in front of the contact edge.
Let us investigate in more detail the position of the maximum interfacial relative displacements u n and u t . Figure 8 shows the position of the maximum interfacial displacement in the normal and tangential directions u n;max and u t;max at s ¼ 2 mm. As mentioned above, u n;max is located at the back of the contact edge, whereas u t;max is in front of the contact edge as observed in Figs. 7(a) and 7(b). Figure 9 shows the change in the interfacial relative displacements u n and u t , and the interfacial damage variable D n at the indentation depth s at ¼ 45
Development of interfacial damage variable
. The interfacial relative displacements u n and u t are plotted as left ordinate, whereas the interfacial damage variable D n is plotted as right ordinate. We can observe the rapid increase in u n at s = approximately 1.15 mm. The interfacial relative displacement in the tangential direction u t starts increasing at Interfacial damage variable D n also increases as the interfacial relative displacements u n and u t increase. However, the development of D n ceases after the interfacial relative displacements u n and u t stop increasing. Figure 10 shows the schematic of the interfacial stresses subjected in the vicinity of the lip of the indentation as well as the interfacial displacements obtained by the calculation. Let us discuss the mechanisms of the debonding of the coated tool from this figure.
Mechanism of debonding of hard film
The hard film is subjected to stress`and its reaction stress . Under such a condition, the hard film is subjected to compression by the force of indentation À. Consequently, the hard film will be in the state of bucking.
The mechanism considered above can be observed in the practical cold forging processes using tools coated with the hard film, particulary a punch. Debonding from the straight land of the punch can be often experienced. In these cases, the adhesion strength is smaller than the strengths of the tool material and hard film, and thus debonding by the mechanism considered above will occur.
The mechanism of debonding by the buckling of the film has been reported by Strawbridge and Evans. 10 ) They investigated such a mechanism using a flat film on a flat substrate. In the present study, it is revealed that a similar mechanism may be a cause of the debonding of the interface of a practical forging tool with more complicated geometry, in case that the conditions regarding the mechanical properties of the tool material and hard film are similar to those in the present calculation.
The interface is also subject to interfacial shear stress´by frictional forceˆ. Then, debonding by shear can occur at the position of the maximum interfacial relative displacement u t;max , point B, in Fig. 10 . In practical cases, debonding by shear at point B will be restricted, as large hydrostatic pressure is subjected to point B.
Evaluation of Interfacial Debonding Life of Coated Forging Tool
In conventional forging, the debonding of the hard film of a tool occurs after some number of cycles. The continuum damage mechanics may be used to evaluate the above phenomena by calculating interfacial damage.
In the present chapter, we attempt to evaluate the interfacial debonding life of a forging tool coated with a hard film under the cyclic indentation shown in Fig. 1 . An indentation depth s of 3 mm is employed.
The cyclic indentation is calculated by FEM as follows: First, the single indentation is calculated. Next, the pressure against the hard film at the instantaneous indentation depth s obtained in the calculation is converted to the nodal external force. Then, the calculation of the cyclic indentation is simulated using the converted nodal external forces as boundary conditions applied to the surface of the coated tool.
Let us note that calculation after the interfacial debonding is not performed in the present calculation, since the evaluation of changes in the interfacial damage variable and interfacial relative displacement until the debonding is mainly focused on. Figure 11 shows the distribution of the accumulated interfacial damage variable D n until the cyclic indentation of N ¼ 22. The maximum accumulated damage can be observed at an interface position of ¼ 28
. From this result, the interfacial debonding is considered to occur at this position. Figure 12 shows changes in the normal relative displacement u n and interfacial damage variable D n to number of indentation at an interface position of ¼ 28
. As number of indentation increases, interfacial damage variable and normal relative displacement increase. Moreover, as observed in eq. (10), interfacial damage variable decreases interfacial rigidity K n .
Conclusions
In the present paper, the FE analysis of the interfacial behavior of the indentation of a hemispherical tool coated with a chromium electroplating into a workpiece is performed in order to elucidate mechanical behavior of the interface of the cold forging tool.
The results of the FE analysis show that the interfacial relative displacement in the normal direction takes its maximum close to the back of the lip of the indentation at any indentation depths. On the other hand, the maximum interfacial relative displacement in the tangential direction is located in front of the edge of the indentation.
The possible mechanisms of the debonding of the hard film are interfacial displacement in normal and tangential directions.
Finally, interfacial debonding life is evaluated. The aspect of the local accumulation of interfacial damage variables with the increase in number of indentation can be described. 
